In distributed settings, such as this of the World-Wide-Web, where a large number of information sources and services reside, portals provide a single point of global access via a single and unified view. This view is circumscribed by a specific conceptualization and a specific vocabulary whose entries provide lexicalizations of the concepts used for shaping information, data, and services provided. Ontologies play a key role to shaping information as they provide conceptualizations of domains. Different portals may use different or partially overlapping ontologies for shaping information, or even different schemata for storing data. This affects the integration of information from different portals, and/or the interoperability between the services that portals provide. Consequently, this situation affects recall and precision of information retrieval, and sets limitations to the composition (and decomposition) of services among portals for serving clients' (users or software agents) requests.
INTRODUCTION
In distributed settings, such as this of the World-Wide-Web, where a large number of information sources and services reside, portals provide a single point of global access via a single and unified view. This view is circumscribed by a specific conceptualization and a specific vocabulary whose entries provide lexicalizations of the concepts used for shaping information, data, and services provided. Ontologies play a key role to shaping information as they provide conceptualizations of domains. Different portals may use different or partially overlapping ontologies for shaping information, or even different schemata for storing data. This affects the integration of information from different portals, and/or the interoperability between the services that portals provide. Consequently, this situation affects recall and precision of information retrieval, and sets limitations to the composition (and decomposition) of services among portals for serving clients' (users or software agents) requests.
Semantic integration refers to the set of problems that appear between disparate information sources and concern matching ontologies or schemas, detecting duplicate tuples, reconciling inconsistent data values, and reasoning with semantic mappings. The goal is to integrate information and data under a single view, preserving the semantics of the sources.
Service invocation in a distributed and open setting involves discovering the appropriate services, selecting among a set of candidates that match the requirements of the client, interacting with the selected service and interpreting service replies. Much of the work to be done towards services' interoperability concerns publishing semantic service descriptors which clients will readily exploit. The goal is for software agents to discover, interact with, and fetch the results of services automatically.
Both problems concern the mapping, aligning, translating and merging ontologies. This article aims to provide a review to the techniques for semantic integration and interoperability of portals by exploiting ontologies. It does not aim to provide an in-depth and exhaustive presentation of the existing approaches 1 -there exist some excellent surveys on the methods and techniques proposed, for instance in Shvaiko & Euzenat (2005) or in Noy (2004) , but to provide definitions and a roadmap to the existing research efforts towards this exciting research topic which is of much importance for any web user, community, enterprise, organization and government.
BACKGROUND
Although the terms semantic integration and semantic interoperability are used interchangeably in many contexts, we consider them to be distinct, although tightly intertwined: Integration concerns information, while interoperability concerns functionality. The common denominator to both problems as it will be discussed in subsequent subsections is "sharing the semantics".
The ISO/IEC 2382 Information Technology Vocabulary 2 defines interoperability as "the capability to communicate, execute programs, or transfer data among various functional units in a manner that requires the user to have little or no knowledge of the unique characteristics of those units".
Dealing with semantic interoperability, we require software units (let us call them agents) to be able to find, use, execute and interpret outcomes of services provided by other agents. Towards this aim, agents need to publish machine-exploitable descriptions of their capabilities and interaction/communication models. Service capabilities have to be matched against agents' goals and requirements. Matchmaking services can be offered by dedicated agents (translators / mediators) and be distributed to various places, or by the client and service provider agents. The client agents will invoke services by choosing among those matching their requirements and deduce from their descriptions the content of the messages required for interaction. Finally, exploiting the semantics of the service descriptions, clients can interpret the service responses. In more advanced settings, agents may compose multiple services towards achieving a unique goal by reasoning about the effects of services (e.g. for comparing the prices of products offered from different retailers). This is extremely valuable for portals offering a single-point of access to information: They may discover and invoke remote services based on their semantic descriptions and the goals of the (human or software) agents using the portal.
Considering the architecture implied from the above description, this comprises agents that offer and request services, as well as a number of middle-agents that help clients achieve their aims. Of major interest are semantic matchmakers that act like search engines or yellow pages, and ontology mapping registries that help agents bridge the gap between agents' conceptualizations, ensuring a complete and consistent mapping between concepts, relations, individuals and rules for service related reasoning. Burstein & McDermott (2005) have argued that "it may at times be difficult for mediators to relieve functional agents (clients and services) of this responsibility", pointing that "we expect particular agents to be responsible for translating the content of messages produced at different stages of their interaction".
Semantic service descriptions are developed using general-purpose standard ontologies (e.g. those specified by OWL-S 3 or WSMO 4 ) and domain specific ontologies. Therefore, the problem of semantic interoperability largely depends on the ability of agents to "align" the ontologies involved, solving the semantic integration problem.
Concerning information integration, two agents are integrated if they can successfully communicate with each other, meaning that they can adequately interpret information communicated between them. Being semantically integrated, after information has been sent to the receiver, the receiver will associate this information to specific concepts (i.e. it will interpret it by means of a specific conceptualization) and will draw all these implications that the sender would exactly have drawn with the same information. In other words, for meaningful information exchange or integration, providers and consumers need compatible semantics.
A traditional example for information integration is the Catalog Integration example (Figure 1 ) (Shvaiko & Euzenat, 2005) . B2B applications represent and store their products in electronic catalogtype models. Catalogs are very simple ontologies, tree-like structures that organize concepts' descriptions hierarchically. A typical example of such a model is the product directory of http://www.amazon.com. In order for a company to participate in a specific marketplace in which amazon.com participates, it must identify correspondences between entries of its catalogs and entries of the catalogs of www.amazon.com. Having identified the correspondences between the entries of the catalogs, it can be assumed that the catalogs are aligned.
Fig. 1. Two catalog schemata from two different companies in a common marketplace
Achieving this semantic integration manually (by means of specifying semantic matches) is extremely laborious and error prone and thus very costly. For instance, Doan and Halevy (2005) reports that an integration project at the GTE telecommunications company involving 40 databases with a total of 27,000 attributes of relational tables estimated to take more that 12 person years. This was a typical case since the original developers of the databases were not involved. In an another example reported by , the U.S. Department of Defence standardization effort aimed to produce a single standard data model exceeding 10 5 entities and 10 6 attributes. By year 2000 they recognized the need for a new approach to this scale of information integration. As one can imagine, things become worst in a distributed and open setting such as the (semantic) Web. New information sources may appear here and there, with numerous data and information being structured using different schemata or ontologies, even for the same domain.
To manage such cases, Uschold & Gruninger (2002) and (2005) point that semantics can be managed effectively within communities: Ontologies must be shared within tightly integrated communities while allowing for mediated interaction with other communities. Communities comprise stakeholders that have common goals, preferences and needs, and exchange information in pursuit of their goals sharing a common vocabulary. Therefore, each community can develop its own ontology, mappings between these community ontologies must be provided.
Concluding the above, portals (either supporting specific communities of interest or not), to survive in a semantically-rich Web they must be equipped with semantic integration and semantic interoperability abilities. At the heart of both, lies the alignment of ontologies.
SEMANTIC INTEGRATION
Semantic integration, as recently presented in AI Magazine (Noy et al, 2005) , is a field in the intersection of Database and Artificial Intelligence: Schema integration in the earliest (during the '80s) attempts of the database community involves merging a set of given schemas into a global schema. Translation between different databases or schema mediation for a uniform query interface involves the supply of semantic matches between disparate schema elements. Recent approaches study the manipulation of data models for model matching and integration (Rahm & Bernstein, 2001; Noy, 2004 . Ontology languages can provide various levels of expressiveness for the specification of semantic descriptions of terms: They specify the conditions that constrain the intended meaning of the terms used for shaping the information space.
Viewing the problem from an AI perspective, we shall specify the ontology alignment problem, and we shall refer to the major ontology merging/integration categories of approaches. The aim here is not to provide details of individual approaches (references to prominent approaches and recent survey papers are given) but to point to the categories of approaches and describe the research issues in this extremely exciting field of research which is of major importance to the successful deployment of portals in the semantic web.
Ontology alignment, mapping and merging
Following the above definition, an ontology is considered to be a pair O= (S, A) , where S is the ontological signature describing the vocabulary (i.e. the terms that lexicalize concepts and the relations between concepts) and A is a set of ontological axioms, restricting the intended meaning of the terms included in the signature (Kalfoglou & Schorlemmer, 2003; Kotis et al, 2006) . In other words, A includes the formal definitions of concepts and relations that are lexicalized by natural language terms in S. In this definition, conforming to description logics' terminological axioms, inclusion relations are ontological axioms included in A.
Ontology mapping from ontology O1 = (S1, A1) to O2 = (S2, A2) is a morphism f:S1 S2 such that A2 f(A1), i.e. all interpretations that satisfy O2's axioms also satisfy O1's translated axioms (Kalfoglou & Schorlemmer, 2003) . Instead of a function, we may also articulate a set of binary relations between the ontological signatures. Such relations can be the inclusion ( ) and the equivalence ( ) relations. Then we have indicated an alignment of the two ontologies. Instead of aligning two ontologies "directly" through their signatures, we may specify the alignment of two ontologies O 1 and O 2 by means of a pair of ontology mappings from an intermediate source ontology O 3 (Kalfoglou & Schorlemmer, 2003) . Then, the merging of the two ontologies can be considered as the minimal union of ontological vocabularies and axioms with respect to the intermediate ontology where ontologies have been mapped. The merging process takes into account the mapping results in order to resolve problems concerning name conflicts, taxonomy conflicts, etc between the merged ontologies. Therefore, the merging of ontologies can be defined as follows (Figure 2 ): (Kotis et al, 2006 Although some approaches use such an explicitly specified intermediated ontology, techniques conforming to the mediated mapping i.e. to the use of an intermediate reference ontology that provides more general concepts and adequate axioms for clarifying the meaning of domain-specific concepts, will possibly not work in the "real world" of the Web, since a intermediate-reference ontology that preserves the axioms of the source ontologies may not be always available or may be hard to be constructed. On the other hand, point-to-point techniques, i.e. with no reference ontology at hand, are missing the valuable knowledge (structural and domain) that a reference ontology can provide in respect to the semantic relations among concepts. Alternative approaches such as HCONEmerging (Kotis et al, 2006) assumes that there is a hidden intermediate reference ontology that is built on the fly using WordNet 5 lexicon senses that express the intended meaning of ontologies' concepts and user-specified semantic relations among concepts.
"Given two source ontologies O1 and O2 find an alignment between them by mapping them to an intermediate ontology, and finally merge them by getting the minimal union of their vocabularies and axioms with respect to their alignment"
Apart from using an intermediate ontology as an external source for facilitating the mapping/merging process other external source of information can be used as well: Instances of concepts, corpora of documents that have been annotated using the specific ontologies, previously identified mappings between ontologies, other ontologies or lexica.
Instance-based techniques (also called bottom-up approaches) for the mapping and merging of ontologies (in contrast to the techniques for merging ontologies with no instances -i.e. non-populated ontologies), exploit the set-theoretic semantics of concept definitions in order to uncover semantic relations among them. Bottom-up techniques to mapping ontology rely on strong assumptions concerning the population of ontologies (i.e. classifying objects of the real world under their types), and they have a higher grade of precision in their matching techniques since instances provide a better representation of concepts' meaning in a domain. Such techniques deal with specific domains of discourse, rather than with the semantics of the statements themselves. These techniques are often used in cases where information sources are rather stable (where the domain of discourse does not change frequently) or in cases where available information is "representative" for the ontology concepts: As it can be understood, such techniques have inherent limitations concerning their application to the open and dynamic world-wide-web. However, instance-based techniques can work complementarily to techniques that match concept definitions.
From string matching to semantic similarity
To align two ontologies, the algorithm must discover the "matching" pairs of concepts from the two source ontologies. For instance, in HCONE (Kotis et al, 2006) , two concepts are considered similar if they have been mapped to the same sense of a WordNet synset. This kind of mapping measures the similarity between concept's intended meaning to the meaning of one of the synonyms in a WordNet synset (set of synonym terms). Generally, the similarity among concepts can be defined in ways that range in a continuum from simple string matching to more elaborated semantic matching approaches.
As it is done in other surveys we distinguish between lexical, structural and semantic matching depending on the kind of knowledge used in the computation of a similarity function i.e. lexical, structural, or semantic, respectively.
Lexical matching involves the matching of ontology concept names (labels at nodes), estimating the similarity among concepts using syntactic similarity measures. Minor name variations can lead the matching result astray. For instance, considering the matching between labels "TechReport" and "Technical Report", although they both lexicalize the concept "technical report", a matching may not be established due to the failure of name matching algorithm to identify the similarity.
On the other hand, structural matching involves matching the neighbourhoods of ontology concepts (structure of nodes), providing evidence for the similarity of the nodes themselves. In this way, the similarity between two concepts in a tree-like structure is computed based on the similarity of their descendants in the tree structure, i.e. two non-leaf elements are structurally similar if their immediate children sets are highly similar.
Last but not least, semantic matching explores the mapping between the meanings of concept specifications by exploiting domain knowledge. Semantic matching specifies a similarity function in the form of a semantic relation (hyperonym, hyponym, meronym, part-of, etc) between the intension (necessary and/or sufficient conditions) of concepts. Semantic matching may rely to external information found in lexicons, thesauruses or reference ontologies, incorporating semantic knowledge (mostly domain-dependent) into the process. An example is the exploitation of semantic knowledge in the WordNet lexicon by mapping senses to ontology concepts using information retrieval techniques (Kotis et al, 2006) . Although semantic matching is considered to be the most important of the three, it is still rather difficult to be done completely automatically, avoiding any user involvement (Uschold, 2003; Kotis et al, 2006) .
Human involvement vs. automating integration
As already pointed, in an open, distributed, and dynamic setting such as the World-Wide-Web, it is often the case that neither a reference ontology nor a "representative" set of instances are present. On the other hand, the humans' intended meaning of ontology concepts must always be captured in order semantics to be exploited during the mapping process. Automating the process is still an open research issue. There must always be a minimum set of human decisions present; the question is where to place these decisions in the semantic continuum process (Uschold, 2004) . Early techniques require human involvement in the final stages of the process, for the users to verify the results and specify further mappings. Latest efforts, (e.g. in (Kotis et al, 2006) ) place human involvement at the early stages of the mapping process, where humans validate and/or provide the intended informal meaning of ontology concepts. This technique makes the mapping/merging process to be seamlessly integrated in the ontology development lifecycle, avoiding difficult decisions that require ontology engineering skills.
FUTURE TRENDS
Latest algorithms attempt to approximate similarities between concepts in an iterative way (Vouros et al, 2005; Euzenat et al, 2004) , combining also different kinds of matching algorithms, without any user involvement. Although they are promising efforts, more need to be done towards improving the mapping results.
CONCLUSIONS
In the new era of Semantic Web technologies, semantic-based techniques should be used to map vocabularies and conceptualizations of heterogeneous, distributed, and dynamically changed information and services provided by portals, so these to be eventually presented to end users in a single view, preserving however the semantics of its sources. In such a framework, ontologies are the key technology for representing and communicating knowledge, providing that efficient, effective, and (semi)-automatic techniques for their mapping and integration will be developed.
